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We report micro-Raman spectroscopy results on strained Ge narrow (20 nm) channels for finFET
nanoelectronics technology. It is found that the Raman activity of the structures is strongly depend-
ent on the relative orientation of the excitation laser polarization and the structure geometry. While
the observation of the typical Ge Raman signatures is challenging for the antiparallel orientation, a
dramatic enhancement of the signal is found for a parallel orientation. Simulations confirm that a
significant concentration of the light’s electromagnetic field in the vicinity of the edges of the struc-
tures is at the origin of the strong Raman enhancement. The edge enhancement of the Raman scat-
tering is a promising tool for the non-destructive characterization of nanometer-scale
semiconductor structures and devices.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4906537]
Raman spectroscopy is a powerful, versatile, and non-
destructive analysis technique that is ideally suited for stress
measurements in advanced semiconductor structures and
devices.1–3 Due to the aggressive downscaling of device
architectures inherently linked to performance optimizations,
the relevant Raman contribution of the material under study
typically disappears in the background or far-field of the sur-
rounding material. A variety of techniques or phenomena are
used to locally confine the electromagnetic field to a region
of interest usually in the order of 10 nm which dramatically
enhances the Raman activity in that volume. The literature
reports on tip-enhanced Raman scattering (TERS)4–6 as well
as surface-enhanced Raman scattering (SERS)7,8 on SiGe
where metallic probes or particles are brought close to the
location under examination.
Interestingly, recent work by Poborchii et al.9 showed
that the edges of the structures themselves may locally
enhance the Raman response, which becomes significant as
the dimensions of the structures approach the working dis-
tance of the effect. This so-called edge-enhanced Raman
scattering (EERS) phenomenon is sensitive to the channel
geometry10 and is understood as a short-ranged localization
of the electromagnetic field that strongly depends on the
material’s complex dielectric function at the specific excita-
tion energy. This dependence implies that for Si the effect
peaks in the near UV (E¼ 3.3 eV). In this paper, we translate
this interpretation to the case of Ge, where the strongest
enhancement is to be expected around 2.1 eV.11,12 In general,
the Raman response from Ge nanoelectronics device designs
is very weak due to the limited amount of material in the
small structures, but it is shown below that this edge-
enhancement can be employed to study actual nanoscale Ge
channels for finFET technology. This paper discusses the
possibility for detailed characterization of tiny amounts of
material by transforming a generally weak signal into the
dominant feature in the Raman spectrum.
The structure consists of a 30 nm-thick strained Ge
(sGe) layer grown on top of a Si0.3Ge0.7 buffer of 140 nm on
top of a Si trench of about 150 nm etched into a (001) Si sub-
strate [Fig. 1(a)].13 The material is patterned into 20 nm-
wide, 10 lm-long trenches with a pitch of 180 nm [see Fig.
1(b)]. Fin widths of 40, 60, 80, and 100 nm with the same
material stack are also available using an increasing fin sepa-
ration such that the total area coverage of sGe with respect to
the surrounding SiO2 is constant. Finally, an isolated region
of the same stack in a stripe of 9 by 70 lm is available on the
same die as a reference. Raman spectra were recorded in
backscattering mode using a Horiba Jobin-Yvon LabRAM
HR confocal spectrometer coupled to a 532 nm solid state
laser, focused on the sample through a 100 0.9NA objec-
tive. This results in an experimental laser spot diameter of
0.9 lm, implying that a collection of at least four adjacent
fins of 20 nm width and 180 nm pitch is probed at the same
time. Neutral density filters were used to limit the excitation
FIG. 1. (a) Schematic representation of the structure stack with a thin com-
pressively strained Ge layer on top of a Si0.3Ge0.7 buffer and Si substrate.
(b) High-angle annular dark-field scanning transmission electron microscopy
image of the 20 nm-wide fin structures under investigation.a)thomas.nuytten@imec.be
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power density to below 5 kW/cm2 in order to avoid sample
heating.14 The incident linear polarization of the laser light
~ei was rotated in steps of 108 by means of a half-wave plate
while the scattering polarization ~es was kept fixed and
aligned with the direction of the fins by using a polarizer fil-
ter. Modeling of the electric field distribution in the sample
was carried out in order to gain further insight into the origin
of the enhancement effect. Fujitsu’s Poynting software15 was
used for finite difference time domain (FDTD) simulations
of 532 and 405 nm light incident on the sGe fins for the two
different conditions of parallel and antiparallel relative orien-
tation of the laser polarization and fin geometry. The differ-
ent fins are surrounded by SiO2 (e¼ 2.16), and the different
materials were stacked using flat boundaries in the model
while dielectric properties from Aspnes et al.12 were used in
combination with time-space absorbing boundary conditions.
Figure 2 shows the Raman spectra for two different inci-
dent polarization orientations where the three characteristic
modes for Si1–xGex alloys can be recognized. The peak
around 521 cm1 is attributed to Si-Si scattering,16,17 while
the signal around 400 cm1 originates from scattering from
Si-Ge complexes and is characterized by a broad low-
frequency tail and a sharp high-frequency edge. The low-
frequency broadening is due to translational symmetry being
broken in the SiGe matrix, so that phonons over the full
Brillouin zone can contribute to the first order Raman scat-
tering, and the sharp peak is smeared out.18 Finally, a doublet
feature appears centered around 301 cm1. Considering that
both the sGe fins as well as the underlying Si0.3Ge0.7 layer
are probed in the same experiment, Raman signals from Ge-
Ge scattering typically observed5 around 301 cm1 may be
detected from both materials. The signal from the sGe layer
is expected to experience a compressive stress-induced blue-
shift with respect to the bulk value while the response from
the composite layer is expected to redshift by an energy
dependent on the composition. Indeed, around 305 cm1, a
sharp peak attributed to Ge-Ge scattering in the thin sGe film
is found, while around 295 cm1, a mode more than twice as
broad is originating from Ge-Ge scattering in the Si0.3Ge0.7
layer, a frequency that is in good agreement with earlier
studies on the composition dependence of characteristic
SiGe Raman modes.19 The collection of low-intensity modes
between 420 and 480 cm1 emerging from the background
in the spectra where the enhancement criteria are satisfied
may be coming from isolated Si-Silocal vibrations that vary
in frequency due to a fluctuating number of Ge atoms in the
vicinity of the Si atoms.19
The Raman spectra for two particular conditions of the
experiment where ~ei is rotated over 908 can be found in Fig.
2. The two spectra correspond to the experimental setup
where in blue color ~ei is perpendicular to the fin orientation
[inset (a) of Fig. 2, 08] and in red color ~ei is aligned with the
fin orientation [inset (a) of Fig. 2, 908]. In the first configura-
tion, the Raman LO mode of Si (521 cm1) is inactive due to
Raman selection rules, while the latter configuration is
Raman active for the Si LO mode.1 This is clearly observed
when plotting the peak intensity of the Raman signal at
521 cm1 for the reference stack in the 9 lm-wide stripe as a
function of rotation of the polarization [see Fig. 2 inset (b)].
In this configuration, we are measuring the backscattered
Raman signal from a (001) Si surface (underneath the Ge
and SiGe), where in the crystal coordinate system x¼ [110],
y ¼ ½110 and z¼ [001] the three Raman tensors are given
by1
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and we have fixed the scattering polarization ~es in the
y-direction. It can then readily be calculated1 that the condi-
tion where the polarization is not rotated (08, corresponding
to ~ei in the x-direction) is Raman inactive. By rotating the
polarization by 90 (~ei in the y-direction), we reach the maxi-
mal Raman intensity, before going back to a Raman inactive
condition when the polarization is rotated by 180. This be-
havior is indeed found when monitoring the Raman peak in-
tensity at 521 cm1 for the reference stack, where no
enhancement effects are detectable [Fig. 2(b)]. However, the
situation is completely different when studying the Raman
signals from the 20 nm sGe fins. The intensity of the Si-Si
mode remains virtually unchanged, but in contrast, the sig-
nals originating from the sGe and SiGe buffer layers are dra-
matically enhanced. The alignment of the incident laser
polarization with the finFET geometry transforms the gener-
ally weak signal of the sGe top layer into the dominant fea-
ture of the spectrum. It is important to stress that the peak at
305 cm1 originates from the sGe fin exclusively, which rep-
resents only a tiny amount of material (an estimated 1%)
compared to the entire confocal volume probed in the
Raman experiment. When both ~ei and ~es are aligned parallel
FIG. 2. Raman spectra for the same location on the 20 nm fin sample with
the laser polarization antiparallel (0) and parallel (90) to the fin length.
While the intensity of the Si-Si mode at 521 cm1 remains unaltered, the Si-
Ge and Ge-Ge modes are significantly enhanced in parallel orientation.
(a) Schematic representation of the laser excitation spot on the collection of
20 nm fins with two different polarization orientations (arrow) with respect
to the sGe fins orientation. (b) Intensity profile of the Si-Si Raman peak at
521 cm1 for the reference stack, showing a strong polarization dependence,
contrasting to what is seen in the 20 nm fins.
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to the Ge fins, the light’s electromagnetic field is concen-
trated at the edges and interfaces of the fins9 and the small
pitch (about one third of the probing wavelength) between
the structures effectively prevents the underlying Si to be
probed by the laser light.14 At the same time, the concentra-
tion of the electromagnetic field into the material of interest
strongly increases the Raman response of the Ge and SiGe
with respect to the non-enhanced condition where the Ge
atoms only occupy a small portion of the probed volume.
One advantage of our approach is that this enhancement
does not require additional sample preparation as in TERS or
SERS, and no external probes or particles need to be brought
in the vicinity of the sample. We note that the choice of the
excitation wavelength at 532 nm here is crucial because it
corresponds to an energy close to where the local maximum
in the pseudodielectric function of Ge is located. Indeed it
was verified in our structures that while the enhancement is
very pronounced when using an excitation energy of 2.3 eV,
it is negligible when using light of 3.1 eV, even despite the
shallower penetration depth and higher Raman cross-section
when using near UV excitation (not shown). We emphasize
that the enhancement is only of this magnitude when the
dimensions of the structure under study are of the order of
the range of the effect (i.e., 10 nm) as will be shown below.
Figure 3 shows the result of the FDTD simulations of
the distribution of the electric field in a fin of 20 nm width
illuminated with laser light of 532 and 405 nm. In the left
column, the polarization was aligned with the fin geometry,
while the laser polarization was set antiparallel to the fin ori-
entation in the right column images. These plots confirm that
the enhancement effect depends strongly on the material’s
complex dielectric function at the specific excitation energy,
to the extent that no significant enhancement is found when
using light of 405 nm, an energy that is relatively far away
from the local maximum in the dielectric function of Ge.
When switching to 532 nm, however, the incident energy is
close to the local maximum at 2.1 eV. If, at the same time,
the fin orientation is parallel to the incident laser polariza-
tion, an important short-range localization and enhancement
of the electric field is found distributed in the sGe and leak-
ing into the SiGe. As the Raman intensity depends on the
fourth power of the local electric field, this configuration
results in the strong enhancement effects observed in the
experiment, both for Ge and SiGe.
The entire rotation of ~ei over 1808 in steps of 108 is
shown in Fig. 4. Again, the enhancement of the Ge and SiGe
signals when the incident polarization is aligned with the
fins’ edges and scattering polarization can clearly be seen. In
order to verify that the local enhancement only occurs in
structures of very small size, the same experiment was
repeated on a stack of the same material but with larger lat-
eral dimensions. Raman spectra were recorded in the
enhancement configuration (i.e., polarization parallel to the
channel length) for fins of 20, 40, 60, 80, and 100 nm wide in
addition to the structure of 9lm, of which the latter can be
considered as a reference for bulk conditions. While care
should be taken when comparing Raman intensities, the ex-
perimental conditions for all measurements have been kept
identical in order to qualitatively assess the degree of
enhancement. Figure 5 shows that when going from 20 nm
fins to wider structures, the enhancement quickly disappears,
up to the point where the intensity has dropped by about 2
orders of magnitude when reaching bulk-like conditions.
Indeed when the measurement is performed on the reference
sample, no structure edges are probed by the laser spot and
no enhancement is detected. Finally, the inset of Fig. 5 com-
pares the Raman spectra for the narrow 20 nm fins and the
9 lm reference structure. Here, it can be seen that the large
increase in intensity of the sGe peak for narrow fins as shown
in Fig. 5 occurs in parallel with a suppression of the Si back-
ground as was discussed in the previous paragraphs.
In conclusion, we have observed and theoretically con-
firmed a strong enhancement of the weak Raman features
from thin and narrow sGe and SiGe finFET channels at a
FIG. 3. FDTD simulations of the electric field distribution using 532 and
405 nm light incident on a fin of 20 nm width with the laser polarization par-
allel (left column) and antiparallel (right column) to the structure geometry.
Note that a strong enhancement of the electric field is only found in the case
of incident laser light of 532 nm with polarization aligned with the fin
geometry.
FIG. 4. Evolution of the Raman spectrum for the collection of 20 nm fins as
the incident polarization is rotated by 180 and the scattering polarization is
kept constant, showing the strong enhancement of the SiGe- and Ge-related
signals.
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specific excitation energy. It was shown that the EERS effect
only occurs when the polarization of the incident laser light
is aligned with the finFET channel direction. In addition to
the enhancement effect, the Raman response from the under-
lying Si is suppressed when probing a collection of sub-
wavelength-pitched sGe channels, further improving the
relative intensity of the Ge-related Raman peaks. As a result,
the effect enables the straightforward Raman characteriza-
tion of sGe finFET channels of only 20 nm wide. While the
enhancement effect was observed in narrow fins of 20 nm,
the spatial extent of the enhancement in the material is
smaller, and hence, the phenomenon is expected to be even
more prominent in structures with more challenging dimen-
sions. As such, the described mechanism will assist in
detailed, non-destructive stress measurements of next-
generation semiconductor architectures.
The authors would like to acknowledge R. Loo and J.
Sun of imec for sample growth and documentation.
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FIG. 5. Intensity of the sharp signal attributed to the sGe (305 cm1) for the
configuration where the polarization is aligned with the channel direction
(enhancement condition) for different fin widths under identical excitation
conditions. It can be seen that the intensity of the sGe signal is increased by
almost 2 orders of magnitude in the 20 nm fins compared to the 9 lm refer-
ence structure. The line is a guide to the eye. The inset shows the Raman
spectrum for the 20 nm fins (solid line) and the 9 lm reference structure
(dashed line) in the enhancement condition.
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